Recent observations have revealed that magnetohydrodynamic (MHD) waves and oscillations are ubiquitous in the solar atmosphere, with a wide range of periods. We give a brief review of some aspects of MHD waves and coronal seismology that have recently been the focus of intense debate or are newly emerging. In particular, we focus on four topics: (i) the current controversy surrounding propagating intensity perturbations along coronal loops, (ii) the interpretation of propagating transverse loop oscillations, (iii) the ongoing search for coronal (torsional) Alfvén waves, and (iv) the rapidly developing topic of quasi-periodic pulsations in solar flares.
Introduction
The study of magnetohydrodynamic (MHD) waves has two major applications within solar physics, namely coronal (or magneto) seismology [1, 2] and the role of MHD waves in coronal heating. Both topics have been the subject of years of study. As MHD waves can carry magnetic energy over large distances, it was historically thought that they could play a major role in the heating of the solar atmosphere, especially in open field regions. However, a lack of actual observations in the solar atmosphere meant that, for a long time, studies of MHD waves were mainly theoretical. This situation has been changed markedly over the past two decades, with the advent of both imaging and spectroscopic instruments with high spatial and temporal resolution. Over the years, the observations have gradually revealed that waves and oscillations that fall within the MHD spectrum are present in most, if not all, coronal structures, and that these waves can potentially provide a considerable part of the energy needed to heat the (quiet) solar corona and drive the solar wind. These observations have led to a rapid *Author for correspondence (ineke@mcs.st-and.ac.uk).
One contribution of 11 to a Theme Issue 'Astrophysical processes on the Sun'.
This journal is © 2012 The Royal Society development of coronal seismology as well as renewed interest in the role of waves and oscillations in the heating of both open and closed field regions. Examples of both standing and propagating, slow and fast mode oscillations in coronal loops have been identified, as well as large-scale, global coronal perturbations.
To give a comprehensive overview of MHD waves, their role in coronal heating and in the booming field of coronal seismology is impossible within this limited review. For comprehensive (recent) reviews on the subjects of coronal heating, we refer the interested reader to earlier studies [3] [4] [5] [6] [7] . Reviews of MHD waves and coronal seismology can be found in earlier studies [8] [9] [10] [11] , to name but a few. During 2009 and 2011, two volumes of Space Science Reviews were dedicated to detailed descriptions of various aspects of MHD wave propagation and coronal seismology. In this review, we will focus on topics that are presently most relevant, because they are either newly emerging or currently generating substantial debate. We will try to provide the reader with some context and outline the broad lines of the current thinking, rather than reporting details of individual studies. In particular, we will not include standing kink mode and standing slow mode oscillations of coronal loops [12] [13] [14] , global coronal oscillations [15, 16] or oscillations in prominences [17, 18] .
In §2, we focus on quasi-periodic perturbations propagating along coronal loops (the current flows versus waves debate); in §3, we highlight the recent results on Alfvénic, propagating waves; in §4, we discuss the current search for torsional (coronal) Alfvén waves. In §5, we summarize the currently emerging topic of quasi-periodic pulsations (QPPs). In §6, we highlight some recent developments in coronal seismology and conclude this review with a series of open questions.
Propagating periodic disturbances
Observations of disturbances travelling along coronal structures have been reported by a number of authors since 1999. However, the interpretation of these events as propagating slow magneto-acoustic waves has recently come under renewed scrutiny. For a more comprehensive description (especially of the earlier results), we refer the interested reader to the detailed reviews by De Moortel [19, 20] and Banerjee et al. [21] .
Reporting on the TRACE first results, Schrijver et al. [22] describe 'upward motions in the fans of 1 MK loops in the outer envelope of the active-region corona'. These authors argue that the low propagation speed (approx. 40 km s −1 ) makes an interpretation in terms of (MHD) wave modes implausible but requires the presence of flows. A similar conclusion was reached by Winebarger et al. [23] . Following these initial reports, propagating disturbances were reported by a number of authors in both large coronal loops and (polar) plumes [24] [25] [26] [27] [28] . Typically, the perturbations have amplitudes of a few per cent of the background intensity, disappear below the noise level within a (coronal) gravitational scale height, and display periods in the 2-10 min range and velocities of the order of 100 km s −1 [29] . It was the combination of these properties, but especially the apparent match with the local sound speed, that led to the interpretation as propagating slow magneto-acoustic waves. Theoretical modelling [30] [31] [32] [33] [34] [35] confirmed that the extreme ultraviolet (EUV) imaging observations could be interpreted in terms of propagating slow magneto-acoustic waves, with thermal conduction proposed as the main damping mechanism and the quasi-periodic nature of the waves attributed to the leakage of p modes from the solar interior into the corona [36] [37] [38] [39] [40] . As this model could account for the major observational properties, it quickly became established as the prevalent interpretation.
Recently, the EUV imaging observations have been complemented by spectroscopic observations from Hinode/EUV Imaging Spectrometer (EIS) and the picture has become considerably more complicated. The spectroscopic data show similar evidence of low-amplitude, quasi-periodic oscillations not only in intensity but also in the Doppler velocity. However, the interpretation of the observed perturbations has (again) come into question. Some authors still favour the propagating slow magneto-acoustic wave interpretation [41] [42] [43] [44] [45] [46] [47] [48] [49] but other authors have interpreted quasi-periodic disturbances with very similar properties as (quasi-periodic) upflows [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] . Several papers have reported on quasi-periodically occurring enhancements in the blue wing of the spectral line profiles that are co-located with the propagating disturbances, with motions of the same order of magnitude. These enhancements are revealed when assessing the asymmetry, or fitting the lines with a double-rather than a single-Gaussian model. The need for a careful fitting of spectral lines using a double-Gaussian model has recently been highlighted by several authors [62] . A detailed analysis of spectroscopic line profiles by De Pontieu & McIntosh [67] and Tian et al. [64] shows that fitting line profiles that exhibit a quasi-periodically occurring excess in the blue wing with a single Gaussian will mimic the properties of the disturbances observed in the imaging data. However, an alternative interpretation of the quasiperiodically varying line profiles, again in terms of propagating slow waves, was put forward by Verwichte et al. [68] and Wang et al. [49] , by suggesting that the (varying) double-Gaussian fit could consist of an oscillating dominant (core) component and an additional small, stationary blue-wing component.
Distinguishing between waves and flows is less straightforward than one might expect. It has become apparent that any distinguishing characteristics identified so far require extensive analysis of the spectroscopic and imaging data, complicated further by the low signal-to-noise ratio of these small-amplitude perturbations. Therefore, it is not surprising that, at present, different authors reach different conclusions, even on the same datasets, as the observational signatures are difficult to disentangle [62, 64, 67, 68] . Compare, for example, Wang et al. [44] and De Pontieu & McIntosh [67] , who both analyse the region shown in figure 1(a) in great detail, studying the intensity, Doppler velocity, line widths and line asymmetry in a variety of spectral lines. Figure 1 (b) (taken from Wang et al. [44] ) shows the running difference plots, which are typically used to identify propagating disturbances in imaging data. Analysing the spectroscopic EIS data, Wang et al. [44] find that the oscillations in intensity and Doppler shift are (approximately) in phase, which these authors interpret as evidence of propagating slow magneto-acoustic waves. However, performing further analysis on the same dataset, De Pontieu & McIntosh [67] show that significant, inphase, oscillations are found not only in the intensity and Doppler velocity, but also in the line widths and line asymmetries (figure 2). These latter authors use modelling to show that such in-phase behaviour of oscillations in intensity, Doppler velocity, line widths and line asymmetries can be explained in terms of quasi-periodic upflows. Regardless of the differing interpretations of the exact nature of these propagating disturbances, their quasi-periodicity has been clearly established. The periods of the observed perturbations are of the order of a few to 10 min, a time scale that links them to the solar surface perturbations (p modes) or convective buffeting [69] [70] [71] . It is quite likely that the buffeting and tangling of the magnetic field by these solar (sub)surface perturbations will generate disturbances travelling along the magnetic field. However, a definitive identification of the driver has not been established. In addition, it is unclear what the nature of these perturbations is (flows, waves, both or something entirely different?) and what happens to them as they travel through the solar atmosphere, although the similarity in properties hints at a close relation with chromospheric 'type II' spicules [56, 72] . These propagating disturbances have been linked with the mass cycle of the solar corona and the solar wind [57, 61, 73] , and it has been realized that, despite their small amplitude, their omnipresence in the solar atmosphere could make them a significant player in the coronal energy budget. More recently, McIntosh et al.'s work [74] reports on slower, counterstreaming downflows (approx. 10 km s −1 ) in cooler lines, which the authors interpret as the return flow of coronal material (i.e. the end of the mass cycle). In sunspots, recent numerical simulations of acoustic 3 min oscillations demonstrated that sunspot umbrae act as a non-ideal resonator, and that the leaky part of the oscillations naturally develops into the propagating waves in the corona [75] . Finally, we point out that, the damping of the slow waves by thermal conduction also appears less robust than previously thought. Indeed, using an interpretation in terms of slow magneto-acoustic waves, Marsh et al. [48] point out that, for longer periods, thermal conduction cannot account for the observed rapid damping of the perturbations.
Propagating transverse loop oscillations
Standing, transverse loop oscillations were one of the first examples of coronal loop oscillations to be observed and studied in great detail [76] [77] [78] . These oscillations, often observed to be generated by a nearby impulsive event, have generally been interpreted as (fast) kink mode oscillations (see [12, 13, 79] for detailed reviews). Recently, there have been several reports in the literature of the observational detection of transverse perturbations, propagating along the magnetic field and localized in the transverse direction [80] [81] [82] . These propagating displacements were detected with imaging instruments Hinode/Solar Optical Telescope (SOT) and Hinode/X-Ray Telescope (XRT) in both cool and hot coronal structures, such as a prominence fibril [81] and soft X-ray jets [80] , as well as in (chromospheric) spicules by De Pontieu et al. [83] and He et al. [84, 85] (see also [86] ). Similar perturbations were seen in large, off-limb, coronal loops by the Coronal Multi-channel Polarimeter (CoMP) instrument as periodic Doppler shifts [82] propagating along coronal magnetic field lines. As we are focusing this review on oscillations in coronal loops, we will provide only some details of the CoMP studies, but the other observations have revealed largely similar properties. The CoMP observations [82, 87] indicate that the propagating transverse perturbations are, both spatially and temporally, ubiquitous in the solar corona. Figure 3 shows a snapshot of the intensity, 3.5 mHz filtered Doppler velocity and power ratio (i.e. outward power/inward power) observed by CoMP. The waves were detected in time series of Doppler images but did not cause significant perturbations in intensity nor noticeable loop displacements, explaining why they have not been seen earlier by imaging instruments. The observed periods are of the order of several minutes, with a relatively broad power spectrum peaking at 5 min. This focus on 5 min periods hints that the (footpoint) driving is likely to be related to the solar surface perturbations (p modes). The propagation speed was estimated by Tomczyk & McIntosh [87] to be of the order of 600 km s −1 . This is significantly higher than the local sound speed and places the observed propagation speeds in the range of the expected Alfvén speed. The observed speed is roughly constant in time, indicating that the structure supporting the oscillations (the waveguide) is relatively stable in time. The correlation analysis of Tomczyk et al. [82] showed that the waves are indeed extended along the magnetic field, as the correlation length substantially exceeds the correlation width. Finally, there is a clear discrepancy between outward and inward power, with significant inward power observed only along shorter coronal loops (with footpoint separation less than 300 Mm). This indicates that the observed propagating perturbations are subject to considerable in situ damping.
With speeds in the region of the (estimated) local Alfvén speed, no evidence of significant intensity perturbations (and hence largely incompressible) and magnetic tension as the apparent restoring force, these observed propagating perturbations have characteristics that are Alfvénic in nature. Hence, they were originally interpreted as propagating (shear) Alfvén waves. Subsequent theoretical studies suggested a different interpretation of the observed displacements as propagating kink modes [88] [89] [90] [91] . Indeed, the kink mode is locally a fast magnetoacoustic wave, propagating obliquely to the magnetic field and guided along the field by a field-aligned plasma structure (a waveguide) by reflection or refraction [92] . In the observations, the perturbed magnetic flux tube was displaced in the transverse direction as a whole, and the transverse size of the perturbation was at least an order of magnitude shorter than the wavelength along the field. In a two-dimensional numerical study, Van Doorsselaere et al. [90] pointed out the necessity for transverse structuring, as, without such a waveguiding field-aligned plasma non-uniformity, the perturbations would propagate not along the field, as observed, but across it. This is connected with the competition of two restoring forces: the magnetic tension force and the gradient of the total pressure.
The interpretation of the propagating transverse waves was clarified in recent three-dimensional, full MHD numerical simulations [93, 94] . When (even very weak) transverse structuring is present (i.e. the loop is denser than the surrounding plasma), transverse footpoint motions generate an intrinsic coupling between the kink and (azimuthal) Alfvén modes. This process of mode coupling as the transverse footpoint motion propagates along the loop is similar to the process of resonant absorption in standing modes (for a review, see [95] ), as illustrated in figure 4a. Where the phase speed of the kink mode wave packet matches the local Alfvén speed, efficient mode coupling will occur [96] and energy is transferred rapidly from the transverse motion of the loop (the 'kink' mode) to the Alfvén mode, concentrated in the shell region of the loop. Hence, the kink mode can be thought of as a moving source of Alfvén waves. The (observable) transverse oscillation was found to decay in a few wave periods, which is consistent with observations. Figure 4b shows the velocity perturbations after one and five periods, respectively. At the early stages of the simulation, just after one full cycle of the footpoint displacement has been completed, the (bulk) transverse oscillation is clearly visible. At later stages, it is clear that the only remaining perturbation is the perturbation in the shell region of the loop, which was identified [93] as an (m = 1) Alfvén mode. In a follow-up paper, Pascoe et al. [94] demonstrate that, although some density structuring has to be present to allow the mode coupling to take place, this structuring does not have to be regular (i.e. cylindrically symmetric), and the footpoint motion does not necessarily have to coincide exactly with the density enhancement that forms the loops. Several authors have shown that the damping of the transverse motion is frequency-dependent. Focusing on the dominant frequency (approx. 3.5 mHz) in the CoMP observations, Pascoe et al. [93] estimate the damping length of the propagating transverse wave packet as
where V g is the group speed of the wave packet, and t is the damping time as given by
where a is the loop radius, l the thickness of the shell region, r 0 and r e are the internal and external densities, respectively, and P is the period of the oscillations. Here C is a geometrical parameter that depends on the specific form of the inhomogeneous layer [97] [98] [99] . Combining equations (3.1) and (3.2), it is clear that
i.e. the longer the period of the footpoint oscillations, the longer the damping length along the loop. Using this expression, Pascoe et al. [93] find that this simple estimate of the damping length is qualitatively consistent with the CoMP observation of Tomczyk & McIntosh [87] . They also show that the mode coupling process is very effective even for modest density contrasts (e.g. r 0 /r e = 2) and quickly tends to an asymptotic value for r 0 /r e > 4. This frequency-dependent damping is subsequently investigated further by Terradas et al. [100] and Verth et al. [101] , who show that equation (3.3) effectively leads to a frequency filtering: high-frequency oscillations will be damping faster (i.e. near the loop footpoints), whereas low-frequency oscillations will be able to propagate further along the loop. Verth et al. [101] confirm that this frequency filtering is present in the data, consolidating the interpretation of the CoMP observations as a genuinely coupled kink-Alfvén (or 'Alfvénic') mode. However, it is important to understand that the coupling occurs only in the case of a smooth transverse profile of the plasma structuring, and does not appear when the boundary is a field-aligned discontinuity. Moreover, the observed (bulk) transverse waves correspond to the kink modes in the central part of the flux tube, whereas the induced Alfvén motions in the tube boundary (the shell region) are currently not resolved. Further recent investigations have focused on additional refinements of the basic model such as partial ionization [102] , background flow [103] and longitudinal stratification [104] . Partial ionization and background flow are found to largely preserve the frequency dependence in the amplitude decay induced by the mode coupling, but longitudinal stratification introduces a more complex picture. Mode coupling causes the amplitude to decrease, whereas longitudinal (gravitational) stratification causes a competing increase in the perturbation amplitudes. As the efficiency of the mode coupling process depends on the frequency, the resulting behaviour of the amplitude will depend on whether the perturbation frequency falls below or above a critical value. This critical value of the frequency depends on the exact parameters of the model, such as the width of the inhomogeneous layer and the density contrast (see eqn (52) of [104] ).
The search for (torsional) Alfvén waves
In a uniform medium, with a straight magnetic field, there are four kinds of MHD waves: slow and fast magneto-acoustic waves, the entropy wave and the Alfvén wave. The Alfvén wave is essentially incompressible, and its group speed is directed strictly parallel with the magnetic field. In non-uniform plasmas, Alfvén waves are situated at magnetic flux surfaces (surfaces of constant Alfvén speed). In this case, the coordinate along the flux surface plays the role of the ignorable coordinate. The presence of an ignorable, possibly curvilinear, coordinate is necessary, as the wave perturbations must keep the same distance between magnetic field lines. Otherwise, transverse perturbations cannot be incompressible. For example, in a plasma cylinder with a circular cross section, the ignorable coordinate is the polar angle, and Alfvén waves are torsional (i.e. waves of magnetic twist and plasma rotation). The plasma displacement vector is also locally parallel to the flux surface. This means that Alfvén perturbations of neighbouring flux surfaces are disconnected from each other, and they do not constitute a collective mode, in contrast with magneto-acoustic modes of plasma structures. However, often coronal Alfvén waves are considered as locally plane, linearly polarized in the transverse direction that represents the ignorable coordinate.
If the Alfvén speed varies across the magnetic field, then Alfvén waves situated at different magnetic surfaces experience phase mixing, which leads to the creation of very sharp gradients in the transverse direction. In the presence of small but finite viscosity or resistivity, these gradients can lead to enhanced dissipation of Alfvén waves. Consider a plane monochromatic Alfvén wave with frequency u, propagating in the z direction in a plasma with a one-dimensional inhomogeneity in the Alfvén speed in the x direction, C A (x). In a developed stage of phase mixing (i.e. when gradients have developed sufficiently), the wave amplitude decays super-exponentially,
where n is the shear viscosity [105] . Torsional waves are also subject to phase mixing, and equation (4.1) is applicable to them too. When considering coronal Alfvén waves, especially in open magnetic structures, it is necessary to take vertical stratification into account. A plane linearly polarized Alfvén wave with wavelength much shorter than the stratification scale height H , propagating upwards along a radially directed magnetic field in an isothermal corona, is governed by the evolutionary equation
where r is the vertical coordinate, R is the radius of the Sun and t is time [106] . The second term describes the change of amplitude with height, the third term describes nonlinear effects and the fourth term describes the dissipation. The nonlinearity is connected with the modification of the Alfvén speed by the compressible flows induced by the Alfvén wave. In the derivation of this equation, it was assumed that the nonlinear effects are weak, namely of the same order as the dissipative effects and the ratio of the wavelength to the density scale height. Only the lowest-order nonlinear terms were taken into account. The induced compressible perturbations have double the frequency of the inducing torsional wave. An important feature of the wave evolution in terms of this equation is the singularity at the height where the local Alfvén speed is equal to the sound speed. In the case of propagating weakly nonlinear longwavelength torsional waves, this singularity does not appear, because, in a flux tube, the nonlinearly induced compressible perturbation propagates at the sub-Alfvénic tube speed [107] . Moreover, these waves do not modify the flux tube cross section, as the centrifugal and magnetic tension forces, associated with the wave perturbations, cancel each other. This difference between torsional and plane Alfvén waves should be taken into account in one-dimensional models of coronal Alfvén wave dynamics constructed for the study of coronal heating and solar wind acceleration problems [108, 109] . Vertical (field-aligned in open structures) stratification and a vertical change of the magnetic flux tube diameter modify the wavelength and hence affect the efficiency of Alfvén wave phase mixing [110] . Depending upon the specific geometry, the efficiency of wave damping can either increase or decrease compared with damping in a one-dimensional configuration. In particular, in the case of uniform-density, exponentially diverging flux tubes, expression (4.1) was found to modify to an exp(− exp(z)) dependence [111] . In addition, the efficiency of phase mixing can be increased by nonlinear steepening (caused by the third term in equation (4.2)), because of the decrease in wavelength [112] .
Although previous detections of Alfvén waves in the solar wind exist (see Ofman [113] for a comprehensive review or Gosling et al. [114] for some recent results) and there have been some reports in the recent literature on the possible detection of torsional Alfvén waves in the lower solar atmosphere [115] , direct observational detection of torsional waves in the solar corona is still absent. As Alfvén waves are essentially incompressible, they cannot be detected with EUV or X-ray coronal imagers, and can be seen only with spectral instruments in those bands. In particular, in a number of studies, unresolved torsional waves were considered as the primary cause of non-thermal broadening of coronal emission lines. The broadening is associated with the Doppler shift caused by unresolved transverse motions of the plasma in the transverse direction. In contrast with kink modes, torsional Alfvén waves produce both red and blue Doppler shifts simultaneously, which leads to line broadening. For example, a recent analysis of non-thermal broadening measured by Hinode/EIS demonstrated an increase in the width of the Fe XII and Fe XIII lines in a polar region. The broadening was associated with a non-thermal line-of-sight velocity increase from 26 km s −1 at 10 (i.e. approx. 7260 km) above the limb to 42 km s −1 some 150 (i.e. approx. 110 000 km) above the limb [116] . Such behaviour is consistent with a growing Alfvén wave amplitude with height, described by the second term in equation (4.2). Thus, this analysis can be taken as indirect evidence of torsional waves in the corona. Similar evidence of accelerating propagating disturbances was found by Gupta et al. [117] , analysing SOHO/Solar Ultraviolet Measurements of Emitted Radiation (SUMER) and Hinode/EIS observations of an inter-plume region, who suggested that these waves could be either Alfvénic or fast magneto-acoustic.
Another possibility for the detection of coronal Alfvén waves is open in the microwave band. As the wave changes the local direction of the magnetic field, it can lead to a modulation of the gyrosynchrotron emission (produced by nonthermal electrons accelerated in solar flares), which is sensitive to the angle between the magnetic field in the emitting plasma and the line of sight. Hence, in the presence of a torsional wave, the microwave emission can be periodically modulated. Evidence of this process was found by Grechnev et al. [118] with the use of the Nobeyama Radioheliograph. However, the search for coronal Alfvén waves in the microwave band requires more attention.
Quasi-periodic pulsations
Oscillatory variations or QPPs of radio emission generated in solar flares have been investigated for several decades [119] . The periodicities range from a fraction of a second to several minutes, and the modulation depth of the emission reaches 100 per cent. Similar periodicities are often seen in hard X-rays (for a review, see Nakariakov & Melnikov [120] ) and were recently found in gamma-rays [121] . There is growing evidence that QPP is a common and perhaps even intrinsic feature of solar flares: a recent analysis of microwave emission generated in 12 similar single-loop flares showed that 10 events (83%) had at least one or more significant spectral components with periods from 5 to 60 s [122] . Likewise, well-pronounced QPPs have been found in radio, white light and soft X-ray light curves of stellar flares [123, 124] . However, no systematic study of this phenomenon has been carried out.
In the context of MHD coronal seismology, flaring QPPs are a very interesting subject. The observed periods of QPP coincide with the periods of coronal waves and oscillations that are confidently interpreted in terms of the MHD wave theory. Thus, QPP may well be the manifestation of coronal MHD oscillations, either modulating the emission directly (by changing the density, temperature and the absolute value or the direction of the magnetic field in the emitting plasma), or affecting the dynamics of the charged non-thermal particles [125] , or periodically triggering magnetic reconnection and/or affecting the efficiency of the charged particle acceleration [126, 127] . A possible mechanism is the generation of anomalous resistivity by current-driven instabilities in current density spikes produced by magneto-acoustic waves in the vicinity of reconnection sites, which triggers magnetic reconnection.
Strong evidence supporting the connection of QPP with MHD oscillations is the observation of multiple periodicities, which may be associated with different spatial harmonics of MHD modes of oscillating structures. For example, the simultaneous presence of 28, 18 and 12 s oscillations was found in the microwave and hard X-ray emission in a flare [128] . The ratio of the periods suggests that the oscillations are likely to be produced by different spatial harmonics of the highly dispersive sausage mode.
Thus, the observation of QPP provides us with a powerful tool for the detection of MHD waves in coronal plasma structures and hence for MHD coronal seismology. The study of MHD oscillations in flaring emission has several advantages in the context of coronal seismology. In particular, as flares are the brightest events in solar physics, their observations can be of much higher cadence than the observations of the quiet corona. This allows one to achieve sub-second time resolution, which is, in particular, necessary for the detection of the fastwave travel time across a coronal plasma structure. The latter time scale is needed for the diagnostics of fine transverse structuring of the corona [129] . Moreover, flaring energy releases are efficient drivers of MHD oscillations in the plasma structures around the flaring site, as the solar corona is a highly elastic and compressible medium. These oscillations, in turn, can modulate the flaring emission. This modulation can also be produced by MHD modes that have not been detected in the corona by other methods. For example, the essentially incompressible torsional (or Alfvén) waves can modulate the efficiency of the gyrosynchrotron emission by changing the direction of the magnetic field to the line of sight [118] . Because of the strong dependence of the emission on the line-of-sight angle, the relative amplitude of the observed modulation can be several times higher than the amplitude of the wave, maximizing the chances for its detection.
QPP may not only be produced by MHD oscillations, but also directly result from oscillatory regimes of energy releases, e.g. periodic shedding of plasmoids [130] or overstability of a current sheet with an externally generated steady flow [131] . Often oscillatory or quasi-oscillatory energy releases are observed in massive numerical simulations of MHD processes associated with solar flares (e.g. in experiments on magnetic flux emergence [132] ), where it is difficult to determine the cause of the oscillatory behaviour. This group of mechanisms for QPP is often referred to as a 'dripping model' or 'load/unload' [133] , as essentially it is based upon the conversion of a steady energy supply (e.g. the reconnecting plasma inflows) into a periodic energy release. Mathematically, it can be considered in terms of auto-oscillations of the dynamical system, such as limit cycles and relaxation oscillations. As the observed parameters (periods, amplitudes and signatures) of auto-oscillations are independent of the initial excitation and are determined only by the parameters of the system (in the case of periodic magnetic reconnection, it could be the inflow rate, plasma resistivity and density, and the strength of the guiding field), their identification has very promising seismological potential that remains to be explored. One of the expected benefits is revealing the physical processes responsible for the magnetic energy release in flares, as the identification of the mechanisms for QPP puts additional constraints on the models of solar flares. Independently of the specific mechanism for the generation of QPPs, their study opens up unique opportunities for seismology of stellar coronae.
A major recent avenue in the study of QPPs is the investigation of their spatial structure with the use of X-ray imagers and microwave interferometers. Similar to the morphology of the flares, QPPs can appear either in a single loop geometry, when the hard X-ray sources are situated at the footpoints and sometimes at the loop apex [134] , whereas the microwave QPPs occur in the legs of the loop [122] . Hard X-ray and microwave QPPs are usually synchronous and hence are very probably produced by the same population of non-thermal electrons, accelerated in the energy release.
Another class of QPP is observed in two-ribbon flares, where the individual bursts of the emission come from different loops situated along a neutral line in the flaring arcade [135] . The speed of the energy release progression along the neutral line is typically a few tens of kilometres per second, which is at least an order of magnitude lower than the sound and Alfvén speeds. More recently, this lower speed was shown to be consistent with the group speed of slow magneto-acoustic waves guided by an arcade [136] . In that model, a weakly oblique, slow magnetoacoustic wave bounces between the arcade's footpoints and gradually progresses across the field. The highest value of the group speed occurs at a propagation angle of 25-28 • to the magnetic field. This effect can explain the temporal and spatial structure of QPPs observed in two-ribbon flares: the sites of the energy releases gradually move along the axis of the arcade, across the magnetic field, at the group speed of the slow magneto-acoustic waves. The time between the individual bursts can be estimated as the slow wave travel time from the apex of the arcade to the footpoints and back, which is also consistent with observations. Another interesting topic is the generation of waves by flares. Parameters of these waves, in particular the periods, are determined by the parameters of the flares [137] .
Discussion and open questions
After an initial period of very rapid growth following the launch of SOHO and TRACE in the late 1990s, coronal seismology is now going through a period of consolidating results and developing theoretical models to include more detailed structuring and additional physical processes, as well as incorporating new observational results from, for example, Hinode and Solar Dynamics Observatory (SDO). The coronal flux tube model [138, 139] still forms the basis of much of the modelling and the interpretation of observed waves and oscillations. However, it is becoming evident that the simplified linear model must be extended considerably, taking into account realistic geometry, nonlinearity and dissipation, so that coronal seismology can become a more accurate diagnostic tool. Again, a detailed description of all recent results is beyond the scope of this review; so we highlight a few areas that have recently been reported in the literature.
Various aspects of both transverse and longitudinal fine-structuring have been investigated. The period ratio P 1 /2P 2 has received a lot of attention, because its deviation from unity has implications for the longitudinal structuring of coronal loops and hence has potential as a seismological tool (see Andries et al. [140] for a review and Macnamara & Roberts [141, 142] for more recent results). Whereas the modelling of the period ratio focuses on the effect of loop structuring on the temporal evolution of the wave modes, the spatial deformation of the mode and its seismological implications have also been studied [39, [143] [144] [145] [146] [147] . Most coronal loops are likely to be cooling as they are observed to oscillate, an aspect that had not previously been included in the modelling. A series of papers have recently studied how this cooling affects the damping rate of the oscillations [148] [149] [150] [151] . Furthermore, numerical studies have also started to focus on genuine three-dimensional modelling of coronal loop oscillations (see e.g. [152] [153] [154] , or [155] for a review) and on the effect of the magnetic field structure, i.e. the magnetic topology, on the behaviour of MHD waves (see [156, 157] and McLaughlin et al. [158] for a review). Finally, we point out that efforts to refine the estimates of the coronal magnetic field and to improve their accuracy are ongoing [159] [160] [161] [162] and that a first attempt was made to estimate the adiabatic index using Hinode/EIS observations [163] .
The topics we highlight in this review were chosen because they are currently receiving substantial attention in the literature, either as newly emerging observations of waves and oscillations or because the established interpretation is being challenged. Rather than providing a further summary, we conclude this review with a series of open questions for each of the four highlighted topics.
(a) Quasi-periodic propagating disturbances -What is the root cause of the periodic disturbances (i.e. how are they generated) and what determines their observed speeds and periodicities? -What are the observational signatures of waves and flows in the outer solar atmosphere; will we ever be able to discriminate or are both waves and flows present? -If the propagating disturbances are flows, how can they propagate with a speed equal to the sound speed without forming shocks? If they are waves, is there clear evidence that the propagation speed corresponds to the local sound speed at all temperatures? -Why are the propagating disturbances only seen for short distances along coronal structures? If they are waves, what is the relevant damping mechanism? If they are flows, what happens to the material? -What role do these quasi-periodic propagating disturbances play in heating and/or mass loading of the outer solar atmosphere?
The waves and flows interpretations can each explain some of the observed properties, but neither can currently account for all of the observational signatures. As the observational data have been pushed to their (current) limits, progress might have to be made by studying realistic numerical models, combined with forward modelling to identify observable signatures for either, or both, interpretations.
(b) Propagating transverse loop oscillations
-Are these waves truly ubiquitous, as they appear to be from recent observations, and how are they generated? -Can the Alfvén waves induced by the decaying kink waves through mode coupling in the loop boundary be observed? -Can they really provide enough energy to heat the (quiet) solar corona and/or drive the solar wind? -How can they be used as a seismological tool, i.e. what can we learn about the coronal plasma or loops from these observations? Current models strongly indicate the presence of unresolved transverse structuring, and hence we should be able to use the observed propagating transverse waves to probe the unresolved fine structure.
(c) Torsional Alfvén waves -Can we observe them directly with current or future missions (e.g. Solar Probe) or will we be able to achieve only indirect observations in the solar corona?
-Is the MHD description sufficient, or is the localization of the theoretically predicted phase-mixed Alfvén perturbations more adequately described at the kinetic level? -Can the waves tell us something about the field-aligned electric currents, and hence be used to assess the relevance and precision of nonlinear forcefree magnetic field extrapolations and the amount of free magnetic energy available in active regions? With the advent of SDO, providing high-resolution, full-disk observations in a range of wavelengths, the number of observed waves and oscillations is bound to increase rapidly in the near future. This will allow coronal seismology to start making statistical studies to confirm the properties induced so far from a relatively small number of observations. At the same time, it will be crucial to combine this information gained from the imaging telescopes with spectroscopic observations, providing information about the local plasma, and to use the entire spectrum of wavelengths (e.g. radio) currently available through a combination of ground-and space-based instrumentation. Finally, a two-pronged approach is needed on the modelling side: further refinement and in-depth study of the simple but informative basic models, combined with numerical simulations of realistic coronal (active region) configurations.
